Acute respiratory distress syndrome (ARDS) and acute lung injury (ALI) are a frequent cause of intensive care unit admission, affecting over 200,000 patients in the United States each year. Mechanical ventilation is a life-saving intervention in the setting of ARDS and ALI, but clinical trials have demonstrated that mechanical ventilation with excessive tidal volumes plays a role in promoting and perpetuating lung injury and leads to excess mortality. This process has been labeled ventilator-induced lung injury (VILI), but the molecular mechanisms driving this process and its interactions with predisposing risk factors such as sepsis and chemical injury remain incompletely understood. Genome-wide measurements of gene expression using microarray technology represent a powerful tool to examine the pathophysiology of VILI. Several recent studies have used this approach to study VILI in isolation and associated with endotoxin instillation or saline lavage. These studies and others examining gene expression profiles in epithelial cells subjected to cyclic stretch have provided novel insights on the molecular mechanisms underlying VILI. This review will summarize these findings and discuss implications for future studies.
VENTILATOR-INDUCED LUNG INJURY
As early as three decades ago, it was recognized in animal models that mechanical ventilation with high tidal volumes is injurious to the lung and can cause alveolar disruption and pulmonary edema (1) . However, it was not until the ARDS network trial demonstrating that lowering the tidal volumes delivered to mechanically ventilated patients with acute lung injury reduces the degree of lung injury and mortality (2) that it became clear that mechanical ventilation plays an important role in the propagation of lung injury, a process referred to as ventilator-induced lung injury (VILI) (3) . Despite this demonstration of the deleterious effects of excessive tidal volumes in ARDS and ALI, there is, as of yet, incomplete understanding of the physiologic and molecular mechanisms underlying VILI. The diversity of predisposing risk factors for ALI, such as sepsis, pneumonia, trauma, and massive transfusion, and the ill-defined molecular definition of ALI, further confounds our ability to elucidate these mechanisms. Recent advances capitalizing on the elucidation of the human and rodent "transcriptome" have provided an important tool with which to define and classify VILI.
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OVERVIEW OF MICROARRAY-BASED GENE EXPRESSION ANALYSES
Microarray-based genome-wide expression analyses can provide an unbiased view of the transcriptional state of a cell population (4, 5) . DNA microarray analysis was first reported in 1995 as a method to determine the expression of thousands of genes simultaneously (5, 6) . Microarray platforms and analysis technology have undergone major advances over the past decade since its inception (reviewed in References 7 and 8). Application of microarray analyses to human disease pathogenesis has resulted in the discovery of new sub-classes of neoplasms that confer differing prognosis or response to therapies (9) (10) (11) (12) . Microarraybased expression profiling has also uncovered new pathogenic mechanisms involved in pulmonary diseases such as asthma, pulmonary fibrosis, and pulmonary hypertension (13) (14) (15) .
Gene expression data obtained from the most current generation of microarray platforms, such as photolithograph-based oligonucleotide microarrays, have been shown to produce reliable measurements in experienced laboratories (16) . This microarray platform produces expression data that shows minimal technical variation (i.e., differences between measurements made from the same starting RNA sample on different arrays) as measured by expression value correlation and agreement, while showing high correlation (r ϭ 0.8-0.9) with measurements from "gold standard" approaches such as quantitative real-time PCR (QPCR) (16, 17) . These studies show that gene expression analyses using state-of-the-art microarray platforms give valid estimates of the expression levels of most genes.
In contrast to the estimation of true gene expression values, the measurements of gene expression obtained by microarray are only moderately correlated (r ϭ 0.5-0.6) with expression levels of corresponding protein products (18, 19) . This could be due to post-transcriptional regulation such as splice variations, mRNA stability, translation initiation, and protein stability. Thus, extrapolation of protein expression on the basis of microarraybased gene expression measurements must be validated by direct measurement of the protein. Direct proteomic analyses might eventually replace microarray-based gene expression analyses in some experimental systems, although current proteomic approaches remain much more cumbersome and expensive than genomic approaches.
Quantitation of the sources of experimental variability in microarray experiments using oligonucleotide array-based profiling of tissue samples shows that the largest component of variability, or "noise," is introduced by biological effects in both human (20) and murine (21) samples. The sources for this biological noise could include inter-individual differences in environment (e.g., diet, animal stress), tissue sample handling (e.g., time until RNA purification), inadequate sampling of heterogeneous tissue (e.g., lung, liver), and, in outbred populations such as humans, underlying genetic variation. The main implication of these findings for experimental design of microarray studies involving gene expression profiling of tissues derived from whole animals is that biological replicates are imperative. Furthermore, this implies that pooling of biologic replicates, a technique often used to minimize the amount of costly microarray reagents used in an experiment, greatly reduces the statistical confidence in gene expression values obtained, given that biological noise is not accounted for.
The number of different statistical tests available for use in the analysis of microarray data has greatly expanded over the past decade. For an overview of state-of-the-art analytic issues and approaches see the review by Allison and coworkers (7) . In brief, the critical components to the microarray data analysis pipeline are: (1 ) signal normalization, (2 ) statistical filtering, (3 ) correction for multiple hypothesis testing, and (4 ) data visualization and mining. Correction for multiple hypothesis testing is a particularly important problem in microarray analysis given that thousands of gene expression "hypotheses" are tested on each array. This means that, at standard levels of statistical significance (e.g., 0.05), an array testing expression of 10,000 genes could call 500 genes as differentially regulated purely by chance and would, therefore, be false positives or type I error (rejection of null hypothesis when actually true). Methods to minimize this error range from the overly conservative Bonferroni correction to the more recently developed programs estimating the false discovery rate (FDR), the expected fraction of null hypotheses rejected mistakenly (22) . The latter test is robust and, in contrast to most other multiple comparisons corrections, can be applied to correlated data structures (22) such as exist in most microarray experiments. This approach has become widely accepted in the microarray literature, and all of the articles described below use some form of this approach in their analyses. Overall, genomewide measurements of gene expression have become an important tool in the dissection of pathophysiologic mechanisms and discovery of new classes of disease processes.
GENOME-WIDE GENE EXPRESSION ANALYSES IN VILI
VILI is a complex pathophysiologic process involving a variety of molecular pathways (see recent review in References 3 and 23). This complexity has made a complete elucidation of the molecular mechanisms underlying VILI elusive. There remains considerable controversy regarding the early molecular events induced by mechanical ventilation that initiate alveolar, interstitial, and endothelial injury and the degree to which mechanical ventilation alone is capable of causing inflammation and lung injury (3, 23) . To some extent, our limited knowledge of the pathogenesis of ALI and VILI derives from the fact that a priori hypotheses based on a single mediator or molecular process are unlikely to adequately describe the multidimensional nature of injury to an organ as complex as the lung. Microarray-based analyses of genome-wide gene expression have the potential to provide an unbiased view of multiple molecular pathways simultaneously, allowing an integrated view of VILI pathogenesis. Recent literature has seen the application of these microarraybased approaches to animal models of VILI which have begun to provide some new insights on VILI pathogenesis. This review will summarize the findings from the four unique microarray expression datasets that have been published to date (24) (25) (26) (27) as well as follow-up to this work and related in vitro studies.
VILI INDUCED BY MECHANICAL VENTILATION ALONE
The first study to describe microarray-based gene expression profiling of VILI was reported by Copland and colleagues (24) . They employed a rat model of VILI to find differentially regulated genes in response to high tidal volume ventilation (Vt ϭ 5 ml/kg versus Vt ϭ 25 ml/kg, positive end-expiratory pressure ϭ 0 cm/H 2 O) for a short period (30 min) . That this protocol represents a reasonable model of VILI was shown by the marked decrease in lung compliance and increase in alveolar, interstitial, and perivascular edema and inflammatory cell infiltrates seen in the animals ventilated with higher tidal volumes.
The microarray analysis in this study was performed using an early generation low-density nylon membrane-based array that contained cDNA probes for less than 2,500 genes. Samples of total RNA purified from the lungs of animals from each experimental group (n ϭ 4 per group) were pooled and triplicate arrays were performed for each pool. To determine the genes differentially regulated between the two groups, the authors used the significance analysis of microarrays (SAM) program (28) , which uses an error-weighted t test to compare expression values. Their criteria for "differentially expressed" included a fold difference у 2 and the derived SAM statistic ⌬ у 0.8 which, according to the authors, roughly translated to an FDR of 1%.
Among the genes that were highly upregulated by high tidal volumes relative to animals ventilated with low tidal volumes were the immediate-early response genes Nur77, Egr1, Btg2, and c-Jun (29, 30) . Upregulation of Egr1 suggests activation of protein kinase C (PKC)-mediated pathways and a program of growth factor production (31), while Nur77, Btg2, and c-Jun are implicated in cell death pathways (18, 32, 33) , and c-Jun plays an important role in inflammatory processes (34) . Other notable findings were upregulation of HSP70, a mediator of cytoprotection (35) , and IL-1␤-a gene that, when overexpressed in lung, produces acute lung injury and fibrosis (36) , and whose protein product, when elevated in alveolar fluid of patients with ARDS, predicts poor outcome (37) . The authors went on to confirm the expression level of these genes using quantitative real-time PCR and localized the expression of a subset of these genes (Egr1, c-Jun, HSP70, and IL-1␤) to the bronchiolar epithelium using in situ hybridization. Finally, they demonstrated elevated levels of IL-1␤ protein in lungs of mice ventilated with higher tidal volumes.
There are several significant limitations to this study that bear recognition. First, the use of pooling of the biologic replicates calls into question the accuracy of the estimation of the expression level of each gene in each group, particularly if the pool included outliers that skewed the mean. This loss of biological variance information might have led to false conclusions regarding changes in gene expression between groups, although the authors did mitigate this issue, somewhat, by validation work measuring expression levels of a subset of the genes identified using quantitative real-time PCR in individual samples. Second, the use of an array with such a small number of genes (Ͻ 2,500) makes it difficult to compare the expression profiles obtained in this study with subsequent studies that employed high-density oligonucleotide arrays (Ͼ 12,000 genes). Third, the use of whole lung tissue as the source of RNA confounds the interpretation of these findings (and findings from several subsequent studies) by the fact that the experimental manipulation (high tidal volume) causes an influx of inflammatory cells. This modifies the cell types that contribute to the mix of RNA purified from whole lung, making it impossible to know which cells were responsible for the change in the measured expression level of a particular gene. This particular issue will be addressed further in descriptions of the study by Dolinay and coworkers below (27) . In spite of these limitations, this study provided the first glimpse of the potential utility of array-based expression profiling in VILI and provided some evidence supporting a role for the immediate early gene family in the initial phases of VILI.
VILI WITH MECHANICAL VENTILATION AND INNATE IMMUNE INFLAMMATION
ALI and ARDS can occur in the setting of several risk factors that are characterized by systemic (e.g., sepsis) or local (e.g., pneumonia) inflammation (38) . Studies in animal models have shown that induction of systemic inflammation with intravenous bacterial lipopolysaccharide (LPS) (26, 39) can cause a synergistic increase in lung injury in the setting of mechanical ventilation. Furthermore, LPS is readily detectable in alveolar lavage fluid from patients with ARDS (40) . Two important components of the innate immune pathway recognizing LPS, LPS-binding protein (LBP) and soluble CD14, are elevated in alveolar fluid from patients with ARDS relative to healthy control subjects, and the fluid is capable of facilitating greater inflammatory cytokine production by a macrophage-like cell line (40, 41) . These findings suggest that, in ALI and ARDS, VILI could be exacerbated or sustained by the presence of microbial products that induce innate immune inflammatory responses within the alveolar space.
The studies by Altemeier and coworkers and Gharib and colleagues specifically addressed the issue of the interaction between innate immune inflammation and VILI using microarraybased analyses (42, 43) . They employed a murine model comparing four groups of animals receiving no mechanical ventilation (MV), noninjurious (Vt ϭ 10 ml/kg) MV alone for 4 h, and intratracheal LPS without or with MV (LPS, MV ϩ LPS). In characterizing this model they demonstrated that MV with a tidal volume of 10 ml/kg is minimally injurious over the period studied in terms of alveolar protein leak, alveolar neutrophil concentrations, and inflammatory cytokine production (42) . Intratracheal LPS alone caused an increase in neutrophil concentrations, and a modest increase in several inflammatory cytokines, but not an increase in alveolar protein leak. In contrast, intratracheal LPS, in combination with MV, caused a marked increase in protein leak, alveolar neutrophil concentrations, and macrophage inflammatory protein-2 and IL-6 production. Histology corroborated these measurements, demonstrating marked neutrophilic invasion of the alveolar space and alveolar wall thickening. These findings were consistent with a prior study using a similar protocol in rabbits (39) .
The authors used a single-color oligonucleotide array platform containing over 22,000 probes measuring the presence of over 12,000 genes. Total RNA was purified from lung homogenates and a separate array was hybridized with each RNA sample (n ϭ 6 per group). The intensity values were normalized with the robust multi-chip average algorithm (44) and differential expression of each gene relative to control was determined using the SAM package (28) and multiple hypotheses testing correction to limit the FDR р 1%.
Using this approach, the authors found a pattern of gene expression that paralleled the degree of lung injury. The proportion of genes differentially regulated relative to the control group receiving no MV was greatest in the group receiving MV plus intratracheal LPS (1,976 upregulated, 3,753 downregulated) followed by intratracheal LPS alone (1,099 upregulated, 1,832 downregulated) and, finally, MV alone (324 upregulated, 169 downregulated). The authors confirmed a pattern of increasing expression (MV Ͻ LPS Ͻ MV ϩ LPS) in the genes for CXCL2, CCL3, IL-1␤, IL-6, GADD45-␥, and IRF-7 using quantitative real-time PCR. The finding of GADD45-␥ gene up-regulation was confirmed on a protein level using immunohistochemistry showing increased expression of GADD45-␥ protein in the alveolar wall of mice in the intratracheal LPS and MV group relative to either condition alone. Grouping of the differentially regulated genes by functional class revealed a preponderance of genes involved in immunity and inflammation (e.g., CCL3, CXCL2, IL-6, IL-1␤), responses to stress (e.g., GADD45-␥), and transcription factors (e.g., IRF7, ATF3). It is notable that GADD45-␥ expression had never before been associated with LPS-induced inflammation or VILI before this report, suggesting that microarray-based analyses can identify novel candidate genes in VILI in an unbiased manner. The main limitation to this study is the fact that the authors restricted most of their analyses to genes that were highly upregulated (fold change Ͼ 3) in at least one group relative to control. This removed much of the complexity in the expression patterns, including all genes down-regulated by MV or LPS, creating a fairly monotonic view of gene expression in the lung after LPS and/or MV. In addition, this study, similar to that of Copland and coworkers, used whole lung homogenates, making it impossible to tell what proportion of gene expression changes were due to actual changes in transcriptional activity in resident lung cells and how much was due to infiltrating inflammatory cells.
Further analysis of this dataset by Gharib and colleagues (43) using more advanced bioinformatics techniques revealed interesting insights on the potential transcriptional control of the genes differentially expressed under the three experimental conditions. They used software that identified putative transcription factor binding sites that were overrepresented in the promoters of genes found to be differentially regulated by MV and LPS (45) . They found that the list of putative transcription factor binding sites overrepresented in the promoter elements of genes upregulated by MV alone (ETF, E2F, NRF1, CREB, and HIF1) was different than those found in the promoter elements of genes upregulated by intratracheal LPS alone (ISRE, cREL, IRF, NFkB, ICSBP, and PU.1). In contrast, genes upregulated by the combination of intratracheal LPS and MV showed a list of putative transcription factor binding sites that represented a fusion of the lists found in either condition alone. This finding complements the findings of their previous publication, suggesting an additive effect of LPS and MV on lung injury and gene expression. While the authors did not confirm that transcription factors actually bound to these putative binding sites, bioinformatics approaches such as this will allow investigators to trace back to the root cause of gene expression changes in this complex animal model.
VILI ANALYZED ACROSS SPECIES AND MODELS
Grigoryev and coworkers have used a different study design to identify genes important to the pathophysiology of VILI (25) . The authors have looked for common gene expression signatures in models of VILI performed in four different species (rat, mouse, canine, and human) (25) . The rationale behind this approach was that it would identify gene expression responses to stretch that are conserved between species, theoretically enhancing biologically important gene expression signatures. They identified orthologous genes (genes that share a very high degree of sequence similarity between species) across the four species and analyzed the expression of these genes in RNA samples from lung tissue homogenates using oligonucleotide microarrays. The rat and mouse models of VILI employed mechanical ventilation and high tidal volumes for 2 h (mouse) or 4 h (rat). The canine model employed saline lavage-induced VILI of 5 h duration. Finally, they determined gene expression profiles in human pulmonary arterial endothelial cells that were exposed to mechanical stretch for 48 h. Of note, since no commercial array for canine expression analysis existed, the authors relied on the high degree of sequence similarity between humans and canines and used a human oligonucleotide array (Affymetrix U133A; Affymetrix, Santa Clara, CA) to profile the canine RNA samples. After identifying orthologs for 2,887 human reference genes common to all of the oligonucleotide array platforms using the RESOURCERER database (46) , the authors used a complex algorithm to pool results for control and ventilated specimens across the four species.
The authors identified 69 genes (61 up-regulated and 8 downregulated) that were differentially regulated by stretch in the pooled dataset. Functional annotation of the 69 genes revealed an overrepresentation of genes involved in immunity, inflammation, regulation of proliferation and cell cycle, coagulation, antimicrobial response, apoptosis, cell-cell signaling, and chemotaxis. Literature searches in the PubMed database showed that 12 of the 69 genes were previously linked with lung injury, including IL-1␤, IL-6, PAI-I, and AQP-1. The authors claimed that this approach looking for evolutionarily conserved responses to VILI was more powerful than studying VILI in an individual species, citing the higher number of genes found to be "significantly" differentially regulated. However, this might have merely reflected the increase in sample size that occurred when the samples obtained from the different species were combined. It remains to be tested whether the cross-species approach is truly a more powerful way to identify important genes in VILI pathogenesis compared with experiments of comparable sample size in a single species. In addition, it should be noted that this approach also used heterogeneous lung tissue as the source of RNA, again muddying the interpretation of the source for apparent changes in gene expression.
IDENTIFYING STRETCH-INDUCED CHANGES IN GENE EXPRESSION SPECIFIC TO LUNG CELLS
As mentioned above, interpretation of changes in gene transcript abundance in RNA samples isolated from whole lung tissue is confounded by changes in cell populations during VILI. Thus, an increase or decrease in the abundance of a transcript could either be due to changes in the lung parenchyma itself or the influx of inflammatory cells such as neutrophils. One specific example of this potential problem is shown by the observation that the gene for S100A9, also known as calgranulin B, was upregulated in all of the in vivo VILI models outlined above (24, 25, 42) . The product of this gene is a cytosolic protein that constitutes almost half of the protein mass within circulating neutrophils (47) , but is also expressed in resident macrophages in the setting of acute inflammation (48) . Thus, differential expression of S100A9 could simply be due to an increase in the presence of neutrophils or a change in the expression program of resident alveolar macrophages.
One way to address this potential ambiguity around the source of gene expression changes associated with VILI is to study a more pure population of cells. The study performed by Dolinay and colleagues has helped to clarify the role of cells intrinsic to the lung in the gene expression changes seen in response to high tidal volume mechanical ventilation (27) . The authors employed an isolated, perfused mouse lung model using a negative pressure chamber to drive ventilation of the lung. The isolated lungs were perfused with cell-free culture media, ex vivo, eliminating peripheral leukocytes from the pulmonary system and allowing the determination of lung-specific changes in gene expression in response to overdistention. Four groups were compared: lungs ventilated with Ϫ10 cm H 2 O or Ϫ25 cm H 2 O of end-inspiratory pressure for 3 h, in the presence or absence of LPS in the perfusate. The authors clearly stated that this was a model of overdistention and not VILI per se. Consistent with this assertion, the model induced minimal histologic changes and alveolar/interstitial edema was not measured. However, they did show that ventilation with the more negative endinspiratory pressure (Ϫ25 cm H 2 O) resulted in higher levels of IL-6 detectable in the perfusate and still higher IL-6 production with addition of LPS to the perfusate. This result parallels the higher concentrations of IL-6 observed in the blood of patients ventilated with injurious tidal volumes (2).
Measurements of genome-wide expression in RNA purified from the isolated, perfused lungs were performed using an oligonucleotide array containing 10,500 mouse genes. There were three to five biologic replicates per group, and differences in gene expression between groups were determined using the SAM package with FDR р 0.1. Expression profiles revealed 27 genes that were differentially regulated by overstretch alone, including IL-1␤, which was identified as up-regulated in the studies of both Altemeier and coworkers and Copland and colleagues. Grouping these genes by cellular function revealed an overrepresentation of genes of the immune response, receptor binding, mitochondrion, ribosome, growth factor family, apoptosis, signal transduction, and cytokine activity. Of note, the S100A9 (calgranulin B) gene mentioned above was not differentially regulated in this model, suggesting that infiltrating neutrophils indeed drove the up-regulation of this gene measured in other models of VILI using lungs in situ. While direct comparisons between this model and those of VILI in situ are problematic, given the lack of strong biochemical or histologic evidence of injury, this study does gives us the first glimpse of the gene expression changes that derive from resident lung tissue subjected to overdistention.
One study has examined changes in gene expression profiles in a single lung cell type in response to cyclic stretch. Dos Santos et al studied the effect of cyclic stretch (20% elongation, 1 or 4 h duration) on gene expression in the A549 alveolar epithelial cell line in the presence or absence of exogenous TNF-␣ (49). The authors identified 40 genes that were differentially regulated by TNF-␣ treatment alone, whereas cyclic stretch alone caused no significant differences in gene expression. The combination of cyclic stretch with TNF-␣ resulted in augmented expression of 16 genes, including the chemokine CCL20, which is thought to be involved in immune responses within the lung (50) . This interaction suggests that the presence of TNF-␣, or other inflammatory cytokines, are important for the full pathophysiologic response of the alveolar epithelium to cyclic stretch and provides a potential explanation for the observations, in vivo, that co-administration of an inflammatory stimulus such as LPS with mechanical ventilation augments both the degree of lung injury and the scale of the differential gene expression observed (42) . This also mirrors the clinical experience that ventilation of patients with no pulmonary or systemic inflammatory process do not manifest signs of lung injury (51, 52) .
COMMON THREADS
Observation of a similar pattern of differential gene expression across similar but independent studies of a disease process provides evidence that these shared expression patterns are truly associated with development of the diseases. The four studies described above that used whole lung tissue as a source of RNA were all performed under unique experimental conditions using different species and array platforms. However, the statistical approaches used were relatively similar, with protections against excessive false positive results. Comparison of genes found to be differentially regulated by mechanical ventilation across the four models reveals several genes with similar patterns of regulation, an event that is unlikely to occur by chance. The expression patterns of these genes could provide insight on the mechanisms of VILI. Figure 1 summarizes the 37 genes reported as differentially regulated in two or more of the publications and yields several important observations. First, the highest degree of similarity was seen between the studies by Grigoryev and coworkers (25) and Altemeier and colleagues (42) . This could reflect the similarities of the models and the larger sample sizes, leading to more accurate estimations of true gene expression differences. 1 Genes differentially regulated across murine, rat, canine, and human models of VILI (p Ͻ 0.05; black boxes) (25) . 2 Genes differentially regulated (95% confidence interval for fold-change not containing 1.0) in murine model of mechanical ventilation alone (black boxes) or mechanical ventilation plus intratracheal lipopolysaccharide (grey boxes) (26) . 3 Genes differentially regulated in rat model of mechanical ventilation (fold change у 2 and D у 0.8) (24). 4 Genes differentially regulated in murine isolated perfused lung model of mechanical ventilation (false discovery rate р 0.1; black boxes), or fold change over control у 2.0 (grey boxes) (27) .
The study by Copland and coworkers (24) had the least number of similarly differentially regulated genes. This is likely to be due to the fact that many of the genes identified in the three other studies were not present on the low-density rat cDNA array (Ͻ 2,500 genes represented) used for this study.
One gene, IL-1␤, was differentially up-regulated in all four models of VILI. IL-1␤ has been shown to be capable of inducing lung injury in rodents (36) and is found in high concentrations in bronchoalveolar lavage fluid from patients with ARDS (37, 53) . The fact that IL-1␤ was strongly upregulated in the study by Dolinay and colleagues (27) suggests that at least part of the differential gene expression seen in the models testing VILI in situ is occurring at the level of the lung parenchyma. Another consistent finding across the four studies was the upregulation of heat shock protein 70 (HSP70)-related genes. HSPA8 (heat shock 70 kD, protein 8), was found to be upregulated in the Grigoryev, Altemeier, and Dolinay studies. The study by Copland and associates reported upregulation of HSP70, but did not specify which member of the HSP70 family. These findings suggest that HSPA8 might be important to the pathophysiology of VILI.
Characterization of the genes differentially regulated by VILI across the different studies by functional categories defined by the Gene Ontology Database (http://www.geneontology.org/) (54) demonstrates some common themes. Table 1 shows the functional categories and the number of genes contained within (55) . The most clearly overrepresented theme was responses to pathogens including defense response, response to biotic stimulus, innate immune response, and response to pest/pathogen/parasite ( Table 1 ). Given that the genes selected for this comparison were identified as differentially regulated in the presence of mechanical ventilation alone, this finding suggests that the response to alveolar overdistention might mimic an innate immune inflammatory response. This would help to explain why co-administration of an innate immune stimulus, such as LPS, with mechanical ventilation can result in an additive increase in lung injury. The other functional categories overrepresented are related to cell proliferation and repair, including negative regulation of cell proliferation, response to wounding, regulation of cell proliferation, and extracellular space (Table 1 ). The genes in these categories may reflect the initiation of the fibroproliferative process that, in human ARDS, has been associated with poor outcomes (56) (57) (58) . Overall, the functional categories identified are biologically plausible, which suggests that microarray-based analysis of VILI provide valid results. Of note, a search of the PubMed database using PubMatrix (http://pubmatrix.grc.nia.nih.gov/) (59) reveals that less than half of the genes in Figure 1 have been previously associated with lung injury in the literature, again suggesting that microarray-based analysis is capable of revealing novel candidate genes in the pathogenesis of VILI. Further studies are needed to validate this assertion.
FUTURE USES OF GENOME-WIDE GENE EXPRESSION ANALYSES IN VILI
The studies described above highlight the potential utility of microarray-based analyses in the study of VILI and have provided novel insight on its pathogenesis. The genes identified could have direct functional significance for VILI reflecting functional components upstream of the gene, or simply an epiphenomenon. Future studies will need to differentiate these possibilities using further work in animal models and cell culture systems. Investigators can also establish relevance in human ALI using genetic approaches. For instance, Ye and coworkers found that the gene encoding pre-B cell enhancing factor (PBEF) was upregulated in a canine model of VILI (60) . Using a human polymorphic allele that increases the expression level of the PBEF gene, they demonstrated that patients carrying the high expression allele were at much higher risk of developing ALI (60), highly suggestive of a causative role for PBEF in ALI pathogenesis. Taken a step further, one could imagine clinical studies in which genome-wide genotyping and gene expression are performed in parallel with collection of clinical phenotypes. A genotype associated with the clinical phenotype could be quickly assigned functional status through the identification of a proximal gene whose expression level is correlated with the genotype. This sort of approach has been used in animal models of diabetes with some success (61) . Recent advances in our understanding of genetic variation within humans and development of inexpensive high-throughput array-based genotyping platforms should facilitate such studies.
A key question will be what cell type to use for gene expression profiling in human studies of VILI. Given that lung biopsies in the setting of critical illness are unlikely to be feasible for any reasonably powered study, an alternative might be alveolar macrophages. These cells are easily obtained via bronchoalveolar lavage and are likely to provide a transcriptional "window" into the state of the alveolar space. Bronchoalveolar lavage-derived cells have been used for gene expression profiling in smokers (62) , scleroderma (63) , and acute lung transplant rejection (63) , and have yielded promising results.
Finally, more advanced study designs will provide greater resolution to discern mechanisms in human and animal studies of VILI. In particular, incorporation of a greater number of time points will allow a longitudinal view of gene expression patterns. Longitudinal analysis of genome-wide gene expression has been used successfully in the study of atherosclerosis (64) and will provide richer datasets from which to develop gene interaction networks that might underlie the pathogenesis of VILI.
